Abstract Samma escarpment road is located in Asir Region, Saudi Arabia. It is located NW of Abha city. This escarpment road represents a major corridor in the area which connects different cities and touristic resorts in the region. It is descended from Sudah plateau at about 2700 m above sea level (asl) toward Wadi al Aws at about 1500 m asl. The total length of the road section is about 8 km which is passing through a highly mountainous area characterized by a complex geological and structural elements. This road has been exposed to frequent slope failures from time to time due to various factors such as intense rain storms, different geological and structural elements (weak rocks, shear zones, and faults), road characteristics (different horizontal/vertical curvatures and narrow road section), and human activities (uncontrolled rock cuts). Many sliding events have been documented along this escarpment road, particularly during and following rainstorms. The purpose of this paper is to evaluate the geology and structures by applying the rock mass rating (RMR) and slope stability (structurally controlled failures) along the Samma escarpment road. The stability analysis was performed using two Dips and RockPack III programs with the help of RocLab software. The Summa escarpment rock cuts were classified into 51 stations which were investigated in detail. Results indicated that most rock stations are poor quality, and 31, 32, and 41 stations are stable, 4, 6, and 7 stations are marginally stable, and 16, 13, and 3 stations are potentially unstable due to planar, wedge, and toppling failures, respectively. Finally, different recommendations and remediation methods were suggested as mitigation measures.
Introduction
Most of rock slope instability in the past have been caused by the influence of natural factors. In recent time, rock slope instability has become more common due to the effects of anthropogenic activities such as road cuts (Al-Harthi et al. 2009; Youssef et al. 2012 Youssef et al. , 2013 , excavation to create an area for housing (Alemdag et al. 2014) , construction of large infrastructures, and quarries. Generally speaking, the failed materials sometimes are contained in large ditches; however, at times, the materials spill out onto the road and cause damage to the road surface or to vehicles traveling along the road (Maerz et al. 2005) . Igwe (2014) indicated that a fatal landslides occured at the international tourist zone Southeast Nigeria on a predominantly metamorphic terrain and only on slopes adjacent to the main road, causing a wide range of casualties on October 2013. Piteau et al. (1979a) mentioned that predictive methods such as limiting equilibrium analysis are of little use where the primary structure of the rock is subhorizontal bedding, and the secondary structure is subvertical joints. Rock slope instability is caused by many factors; some of them are related to unfavorable discontinuities, adverse groundwater, excavation methods (poor blasting practices during original construction or reconstruction), climatic changes, weathering, and tree levering (Brawner 1994) .
The empirical design method does not use formal design methods and calculations, or analytical equations, but relies on the experience and judgment of the engineer. Traditionally, design method and data analysis can vary greatly from engineer to engineer, and that knowledge and ability are difficult to transfer. A more rigorous way of formalizing empirical design is to use a classification system.
The slope stability may be defined as the resistance of inclined blocks to failure by sliding or collapsing along a surface (Kliche 1999) . Eberhardt (2003) indicated that the essential aims of slope stability analysis are (1) to find the endanger areas; (2) to investigate the potential failure mechanisms; (3) to determine the slope sensitivity to different causative mechanisms; (4) to design of optimal slopes with regard to safety, reliability, and economics; and (5) to design the possible remedial/mitigation measures. Assessment of slope stability and excavation method of rocks is an important issue in mining and civil engineering. Many authors (Hoek and Bray 1981; Goodman 1989; Pettifer and Fookes 1994) have created different methods which were used for the assessment of slope stability (structurally controlled) and excavation. These methods include kinematical, limit equilibrium, and numerical analyses which are preferred for the evaluation of rock slope stability. Kinematical analysis relies on the motion analysis of the blocks without any reference to the forces that cause these blocks to move, whereas method of equilibrium analyses considers some important parameters that include the geometry of the rock slope, joint sets characteristics, shear strength along the failure surface, the effects of pore water pressure, and the influence of external forces (external weight, seismic accelerations). On the other hand, numerical analyses (e.g., finite element and distinct element methods) are performed to confirm and verify the results produced from the kinematical and method of equilibrium analysis (Gurocak et al. 2008) . Many rock cut operations require excavation of rocks which results in exposing rock slope instability. For that reason, it has become an economic and safety issues. These issues need to be considered to ensure the stability of the rock slopes to maximize profit and to prevent/minimize failures and damages to personnel, vehicles, building, and infrastructural facilities. In general, the common design requirement for rock cuts is to determine the maximum safe cut face angle compatible with the planned maximum height. The design process is a trade-off between stability and economics. That is, steep cuts are usually less expensive to construct than flat cuts because there is less volume of excavated rock, less acquisition of right-of-way, and smaller cut face areas. However, with steep slopes, it may be necessary to install extensive stabilization measures such as rock bolts and shotcrete in order to minimize both risk of overall slope instability and rock falls during the operational life of the project (Wyllie and Mah 2005) . The stability of fractured rocks is governed by their rock mass properties. The engineering behavior of these masses is controlled not only by their lithological types but also by the discontinuity characteristics, such as joints, fractures, faults, and shear zones. Thus, in order to evaluate the stability of such rock cuts and/or rock slopes, it is necessary to consider the nature, orientation, and properties of these discontinuities as well the properties of intact rock and the geological parameters (Singh et al. 2013) .
Rock cuts along roads and highways fail from time to time. Seismic (earthquake) activity or high groundwater pressures (after heavy rainfalls) can trigger large rock blocks or even larger assemblages of rock crashing down on the road surface below (Youssef et al. 2013; Zhou et al. 2013; Bai et al. 2014; Igwe et al. 2014) . It is quite evident that, most often, the failed material is contained in the ditch. Sometimes, the material spills out onto the road and causes damage to the road surface or to vehicles passing through the road. Infrequently, injury and deaths are also recorded in this patch of the highway. Highways in mountainous terrain often require through investigations and measurements to control the incidence of the rockfalls and rock slope failure. Kliche (1999) mentioned that there are two different types of accidents: accidents and events from minor falls that damage tires and body work and large falls that cause fatality, injury, and economic loss, with the closing of the highways.
In the current study, the main objective is to evaluate all rock cuts/slopes along Samma escarpment road, in which the most hazard zones can be determined so that an appropriate mitigative measures can be initiated for the potentially dangerous slopes. The main objectives include the following: (1) field investigation to determine the geological units and the different structures that affect the rocks along the Summah escarpment road; (2) determination of the characteristics of the rock mass using the rock mass rating (RMR) procedure (Bieniawski 1989) ; (3) assessment of the stability of the sliding and toppling failures using DIPS and RockPack III software; (4) identification of the most critical areas that affects the failure problems; and (5) suggesting the suitable techniques for remediation.
Study area
The study area (Samma escarpment road) is located in southernmost mountainous terrain of Saudi Arabia (Fig. 1a, b) . Many highways traverse through this topographically challenging terrain which, in many cases, requires construction of significant rock cuts. Many of the rock cuts along different highways were constructed using uncontrolled blasting techniques resulting in highly unstable slopes that are highly irregular and contain numerous weak zones. Even slopes cut utilizing newer presplit blasting techniques deteriorate over time as a consequence of the harsh climate of the area. This climate is typified by periods of significant precipitation events in summer that act as a triggering factor for deteriorating the rock cuts and, consequently, develops areas of high risk for rockslides and rockfalls. Rock slopes along Samma escarpment road are located southwest part of Saudi Arabia in Asir region, which was designed and constructed by the Agency of Transportation. Along the entire stretch of road, no remedial measures have been used except a wide ditch in place with good backslope; however, in some areas, these ditches are very narrow. These cuts require maintenance to allow them to perform as designed during the initial construction. In the recent years, some sections of rock cuts along Samma escarpment road are facing rockslides from time to time as well as some of these locations have a very narrow ditch that is not compatible with the rock cut design. Samma escarpment road, which descends from the lip of the escarpment near As Sudah plateau to Wadi al Aws, is one of the roads constructed through extremely difficult terrain (geologically and structurally), connecting different cities, villages, and touristic resorts in the area. It is an important road for the whole region. It also connects Abha City with the main highway of Bahah region. There are different types of vehicles, and light-duty trucks are using this road. The road was constructed 25 years ago and renovated few years ago. The total length of the natural slopes and the rock cut along this road is ∼8 km. Driving through this road is danger and difficult. In many locations along this road, there are different types of horizontal and vertical curvatures (Fig. 1b) . The curvature degree, under the rock cuts and rock slopes along the different roads, will affect on the consequence of the falling rocks especially if there is no ditches or shoulders. The decision site distance along many part of the road is very limited due to both horizontal and vertical curvatures. The road has a total width of 6 m, for the two lanes (both directions) (Fig. 1c) . In some sections, ditch is very wide and deep; however, in other parts, there is a presence of narrow flat ditch. On other hand, the road is characterized by a very small shoulder (Fig. 1c) . The construction of the road was done without any requirement studies. Accordingly, a large number of man-made slope cuts were left critically unstable (Fig. 2) , whereas some areas are still showing a failure phenomena from time to time resulting rockfalls and slidings. The number of vehicles passing through this road is very high especially because of the touristic importance of the areas in this region. Many people come to this area especially in summer for sight seeing. This area is so famous in Saudi Arabia, and many tourists come from all over the world especially from the Arab countries for summer holiday.
Mechanisms of rock slope failure
In the current study, stability assessment using kinematic methods was applied. These methods refer to the motion of blocks without reference to the forces that caused these blocks to move. There are many types of slope failure that are associated with geological structures, and it is important that the slope designer be able to recognize potential stability problems during the early stages of a project (Wyllie and Mah 2005) . The kinematic stability of slopes can be determined by considering the geometrical relationship between the geological features (geological structures and friction angle) and the orientation of the overlying slope (Akande and Idris 2007) . The kinematic method is used to evaluate different modes of rock failure. There are four basic modes of rock slope failure including planer, wedge, toppling, and circular failures as shown in Fig. 3 (Wyllie and Mah 2005) .
Planer failure is defined as a sliding of block along a single planar surface (geological structure) that dips downward at a dip angle flatter than that of the overlying slope face. There are some conditions that must be satisfied for a planar sliding (Hoek and Bray 1981) : (1) The strike of the sliding plane must be parallel or nearly parallel (within approximately 20°) to the strike of the slope face. (2) The dip angle of the failure plane has to be smaller than the dip angle of the slope face (the failure plane must "daylight" in the slope face). (3) The dip angle of the failure plane has to be larger than the angle of friction on this plane, unless groundwater pressure exists, in which case failure can occur for lesser dip angle of failure plane. (4) Release surfaces which provide negligible resistance to sliding must be present in the rock mass to define the lateral boundaries of the slide. Alternatively, failure can occur on a failure plane passing through the convex "nose" of a slope.
Wedge failure is the sliding of blocks along a line of intersection of geological structures. The line of intersection plunges downward at a dip angle lesser than that the dip angle of the overlying slope face. Hoek and Bray (1981) considered some geometrical conditions that must be fulfilled for wedge failure to occur which includes the following: (1) The two discontinuities must strike obliquely across the slope face, (2) the plunge of the line of intersection must be less than the slope face dip angle (line of intersection must be daylight in the slope face), and (3) the plunge of the line of intersection must be significantly greater than the angle of friction, unless groundwater pressure exists, in which case failure can develop for lesser dip angle of line of intersection.
Toppling failure involves rotation of columns or blocks of rock about some fixed base. There are two types of toppling that can develop separately or combined with each other including of flexture and blocky types (Goodman and Bray 1976) . The rocks that are characterized by toppling failure must be closely spaced; steeply dipping discontinuities that dip away from the slope face are necessary requirements for toppling failure to occur.
Circular failures usually occur in soft materials (soil, weak rocks, and highly jointed rocks) such as overburden soils, highly weathered rocks, highly jointed rocks, and/or crushed materials. Failure occurs along a circular surface in these materials. In the case of highly weathered rock, highly jointed rocks, soil or crushed waste, a strongly defined structural pattern no longer exists, and the failure surfaces are free to find the line of least resistance through the slope. The slope failures in these materials generally occur when their slope surfaces take the form of a circle (Hoek and Bray 1981) . The conditions under which circular failure will occur arise when the individual particles in a soil or rock mass are very small as compared to the size of the slope and when these particles are not interlocked as a result of their shapes. Hence, crushed rock in a large waste dump will tend to behave as a "soil," and large failures will occur in a circular mode.
Data and methodology
Multiple field work has been carried out in the study area in oder to investigate and evaluate the slope stability hazards along Samma escarpment road. Fifty-one stations have been investigated in the field. Observations were conducted to identify potential hazard zones while considering the most influencing parameters. Rock cuts were identified and documented using a handheld GPS equipment. Discontinuity characteristics, rock types, and structures were obtained from site investigations as well as through multiple laboratory and field tests. During field investigations, different types of data have been collected for each station including (1) data related to rock mass characteristics RMR which includes (a) rock type (the main rock types at each station have been identified and investigated), (b) weathering (the weathering characteristics were identified by observing the degree of change in color and the rock fabric, (c) compressive strength (in general, the uniaxial compressive strength (UCS) of the rock material is calculated as the mean strength of the fresh rock outcrop), (d) the joint-wall compressive strength (JCS) (the compressive strength of the natural joint surface), (e) fracture (discontinuity) spacing (the spacing between adjacent discontinuities is controlled the size of individual block of rock masses that govern the stability of rock slopes). It is usually obtained by measuring the fracture frequency, which is the number of discontinuities per meter length. The fracture spacing is the inverse value of the fracture frequency. The descriptive terms for the discontinuity spacing, as suggested by the Geological Society of London (1977) . (2) Measuring the orientations of the discontinuities at each station for stability analysis and evaluation has been done in the current research. The dips and dip directions of the discontinuities were measured with the Branton compass and expressed in degrees as recommended by International Society for Rock Mechanics (ISRM) (1981) . The other field discontinuity spacings were also measured at each station. ISRM (1981) indicated that the possibilities of unstable conditions or excessive deformations in any area are governed by the orientation of discontinuities in relation to the engineering project. (3) Samples were collected from the field investigation and have been sent to geological engineering laboratory to determine the physical and geotechnical properties.
Finally, different types of analysis and programs were used in the current study and were classified into four stages: stage (1) rock mass data collected during field investigation were entered into the RocLab software to determine the friction angle for the rock mass for each station. Stage (2) data related to the rock mass characteristics were entered into the VP EXPERT program (Ware Inc 1985 -1988 to determine the RMR for each station. Stage (3) data based on dip, dip direction, and friction angles were processed using the RockPack III program to determine the failure mood. (4) The data have been transferred to a GIS environment to publish the geotechnical maps showing the different hazard zones along the road according to the previous methods. 
Samma escarpment road stations
However, in order to manage the slope instability hazard, detailed investigations are required to understand the causes, nature, distribution, and other aspects of rock slope instability. To simplify the nature of this study, the rock cuts along the Samma escarpment road were divided into a number of stations based on different factors such as rock types, structures, and location along the escarpment road. The location of the rock cut and the cut directions have a major influence on the stability in some sections along the escarpment road. Samma escarpment road has been divided into 51 stations. Station 1 is (Wyllie and Mah 2005) located at the upper level while station 51 is located at the lower level (close to Regal Almaa vilage) (Fig. 4) .
Results and discussion
Detailed structural and geological analysis
The bedrock outcropping along El Samma road near Abha city belongs to the Neoproterozoic Bahah Group. Dominant rock types are light-to-dark-colored phyllites (meta-mudstones and meta-siltstones) which are interbedded with massive graywackes, black graphitic slates, and cut by concordant diabase sills (Fig. 5a-d) . Phyllites are commonly laminated and have well developed metamorphic foliation (parallel to bedding). Low-angle thrust faults show "top to W" tectonic transport (Fig. 5b) . Massive graywackes which are the strongest, and most resistant to weathering, form the main ridge along which the new road cut have been created. Another type of structures originated after large-scale folding (in brittle conditions) is low-angle thrust (Fig. 5b ) or inverse faults (Fig. 5e ). The youngest tectonic features are zones of cataclasys, normal faults, and strike-slip faults ( Fig. 5f-h ). Normal faults show generally eastern dip of fault plane on the eastern slopes of the main ridge and western dip on the western slopes. This relationship indicates that they originated during recent times and were driven by gravitational sliding. Normal fault zones form up to 2 m wide filled with sheared, cataclasyed, and weathered rock debris. Sometimes, the normal faults are developed along pre-existing zones of weakness within graphitic slates. As so, they represent potentially hazardous places and must be monitored continuously in the future. Strike-slip faults are oriented in NE-SW direction and show dextral sense of tectonic transport. General structural map of the study road has been delineated in Fig. 6 . Along the investigated section of the road, all rocks presently display N-S trending vertical or very steeply dipping to E foliation planes S0-1 (Fig. 6) . The results show that the main structures in the study area have a negative impact on the stability of the rock cuts and slopes. The study reveals that there are different types of discontinuities that adversely impact on the road. Some toppling, plane sliding, and wedges are related to these structures. Detailed discontinuity analysis will be discussed in the stability analysis.
Analysis of rock cut using rock mass rating system A rock slope can be classified in terms of several to many parameters that are easy to measure or estimate and are useful as predictors of rock behavior. Specific design elements can be associated with specific classification ratings. Thus, much of the engineering experience can be built into the system and is not limited by the experience of individual engineers.
Collecting data and classifying the rock cuts are specified in a meaningful and consistent way. The best methods for screening rock cuts are the classification systems because they provide the ability to rapidly screen rock cuts and separate out the ones that are fundamentally sound and identify the ones that have potential problems (Maerz et al. 2005) . Rock mass classification and empirical design schemes have the following in common: description of ground quality by a quantitative classification system, based on parameters that are easily and universally measured: description of ground performance by a formal set of parameters (unsupported standup time, support requirements, bearing capacity, ease of excavation, etc.), correlation of the ground quality and performance, either based on a broad spectrum of case histories or local and/or global experience. Rock mass classification has been applied successfully for some years in tunneling and underground mining (Barton 1976 (Barton , 1988 Bieniawski 1989) . Many authors used rock mass classification systems (Bieniawski 1984 (Bieniawski , 1989 Haines and Terbrugge 1991; Romana 1985 Romana , 1991 Selby 1980 Selby , 1993 Shuk 1994; Deere et al. 1969; Franklin 1983 Franklin , 1986 Singh and Goel 1999) . The limitation of these systems is that they consider geological factors only and are essentially classifying only risk values. Also, the expressions for uncertainty in establishing rock mass properties and for variation of properties (Nilsen 2000) and the applicability of the calculation method are also absent in existing rock mass classification systems. Another important problem identified in existing systems is that generally no distinct differentiation is made between the rock mass in the exposures used for the classification and the rock mass in which a slope is to be made. The influences such as weathering and method of excavation may be the cause of major differences and problems.
In the current study, the RMR system was used in the analysis of the rock masses along the Samma escarpment road. The system first designed to analyze the rock conditions in tunnels, but it was modified later to analyze slopes and foundations. The RMR system was applied on the 51 stations along the Samma escarpment road. Although rock masses are discontinuous in nature, they may nevertheless be uniform in regions when the boundaries of the structural regions coincide with a major geological feature such as faults, dykes, and shear zones. As soon as the structural regions have been identified, the classification parameters for each structural region (station) are determined from measurements in the field. The RMR value was computed, according to Bieniawski (1979) , by adding rating values for five parameters. These parameters include (1) strength of intact rock, (2) RQD (measured or estimated), (3) spacing of discontinuities, (4) condition of discontinuities, and (5) water inflow through discontinuities (estimated in the worst possible conditions). Adjustment for discontinuity orientation is performed in order to get the final RMR score which ranges between 0 and 100 and the rock mass classes (Table 1) . In this study, an RMR Fig. 4 Show the rock cut stations along Samma escarpment road system has ben calculated using VP EXPERT program developed by Ware Inc (1985) (1986) (1987) (1988) . Analysis of rock mass rating RMR for all stations has been done. The results indicate that most of the rock in the study area ranges from poor to good in its characteristics. The statistical distribution shows that one site is good, 10 sites are fair, and 40 sites are poor (Table 1) .
Determination of the characteristics of the rock mass using RocLab software
In this analysis, RocLab software have been used to determine the friction angle of the rock mass at each station (Rocscience 2002). At first, samples were collected and analyzed to determine the physical and geotechnical properties of the rock masses for each station along Samma escarpment road. Different types of tests have been used including porosity, void ratio, absorption, point load test, density, and unit weight. The data collected from the field investigation and laboratory analysis were used to determine the overall characteristrics of the rock mass (friction angle) of each station using RocLab program according to Mohr-Columb method. The data used in the Rocklab software include the following: (1) unconfined compressive strength of intact rock, (2) the geological strength index (GSI), (3) the intact rock parameter (mi), (4) the Fig. 5 a Alternating sequence of massive meta-graywackes, phyllites, and dark, graphitic slates. b Dark diabase sills (D) and white "felsic metavolcanics" (FV) among series of slates (meta-mudstones and metasandstones) steeply dipping to E; note discrete offset of database along flat laying thrust fault (kinematics: hinging wall goes to E); c complementary network of joints within graywackes; d big boudin of meta-graywackes surrounded by slates; e low angle inverse faults showing "top to W" tectonic transport; f zone of cataclasis developed within graywackes; g normal fault, dipping to E, developed along foliation planes; displacement unknown; note erosion of debris from the fault zone; h normal fault, dipping to W, cutting foliation planes; displacement unknown disturbance factor (D), (5) unit weight of the intact rock samples. Each of the above five input parameters ("sigci," GSI, mi, D, and unite weight) can be conveniently estimated according to the characteristics of the rock mass along the cut face at each station (based on rock type, geological conditions, and other factors); the worst case scenario was used at each station to be conservative ( Table 2 ).
The International Society of Rock Mechanics (ISRM 1981) has established the basic procedures for testing and calculation of the point load strength index. There are three basic types of point load tests: axial, diametral, and block or lump. The axial and diametral tests are conducted on rock core samples. In the axial test, the core is loaded parallel to the longitudinal axis of the core, and this test is most comparable to a UCS test. In the current study, the test has been done for block samples. About Fig. 6 Showing the structural and rock unit map along the Samma escarpment road ten samples were used for each station, and an average value for the UCS was determined. The point load test allows the determination of the uncorrected point load strength index (Is). It must be corrected to the standard equivalent diameter (De) of 50 mm. If the core being tested is "near" 50 mm in diameter (like NX core), the correction is not necessary. The procedure for size correction can be obtained graphically or mathematically as outlined by the ISRM procedures. The value for the Is50 (in psi) is determined according to Eq. (1). Bieniawski (1975) and Broch and Franklin (1972) conducted the tests on hard, strong rocks and found that relationship between UCS and the point load strength (Is) could be expressed as Eq. (2).
where, P=Failure Load in lbf (pressure x piston area); De= Equivalent core diameter (in); K=the conversion factor.
The unit weight of rock samples of irregular form for each station of Summah escarpment road was determined according to the dry density values that were measured in the labaratory. The saturation and buoyancy technique for irregular rock sample were adopted, and the procedures follow the standard suggested by ISRM (1981) and confirm to American Society for Testing Materials (ASTM) (1994) . The saturated volume of the sample was calculated according to Eq. (3). The dry density of the rock samples was calculated using the Eq. (4). The unit weight was then evaluated using Eq. (5).
γ ¼ pd*g ð5Þ where Sv is the saturated volume of sample; V1 (ml) is the initial water level; V2 (ml) is the final water level in the cylinder after the immersion of the irregular rock sample; ρ d is the dry density of the rock sample; M (g) is the oven-dried mass at a temperature of 1050C; γ is the unit weight; and g is the acceleration due to gravity=9.81 m/s 2 . The peak friction angle (Øp) of the discontinuity can be determined by the RocLab software according to the different characteristics of the rock mass ( Table 2 ). The data indicate that the strength parameters especially the friction angle are ranging from 33°to 59°.
Kinematic (stability) assessment
Simple block and wedge pullout failures are easy to analyze with limit equilibrium analyses and numerical modeling (Hoek and Bray 1981; Piteau 1979a, b, c, d ). Piteau and Martin (1982) mentioned that the most common method was the simple limiting equilibrium technique to evaluate the sensitivity of possible failure conditions to slope geometry and rock mass parameters. Kinematic analysis based on the orientation of the combination of discontinuities, the slope face, the upper slope surface, and any other slope surface of interest together with friction that is examined to determine if certain modes of failure can possibly occur. This analysis is normally conducted with the aid of a stereographic representation of the planes and/or lines of intersection (Markland 1972) . There are some advantages and disadvantages for this type of analysis. Some advantages of this type of analysis are as follows:
(1) easy to analyze by using limiting equilibrium analysis, numerical modeling, and by using simple methods as stereonet plotting (kinematic analysis); (2) it is easy to predict the failure modes; and (3) design for remediation and/or mitigation are easy. However, there are some limitations which include the following: (1) These types of failure modes are not always the controlling one, and sometimes are very hard to predict if there are hidden joints behind the rock face, (2) there Fig. 7 Shows the analysis used in the study for each station along the Samma escarpment road a represents Dips program showing the three clusters as main sets in the station 15, b represents the main sets, friction angle, and rock cut face plotted in RockPack III, note that there is no planar or toppling failure; however, a wedge failure is potential as the intersection located in the critical zone. Note, the planar and potential wedge failures at station 15 are shown in the photograph are many types of failures that cannot be analyzed by using equations, and (3) does not take into account rolling and bouncing blocks. The kinematic analysis is performed using the stereographic projection method which is a strong tool to use for systematic data collection and presentation. Data required to perform the stereographic projection method are dip and dip direction of each discontinuity. The dip is defined as the maximum inclination of a structural discontinuity plane measured from the horizontal. The dip direction is the direction of the horizontal trace of the line of dip measured clockwise from north. The discontinuity data measured at the different stations along Samma escarpment road are presented using dip and dip direction using Bronton compass. Based on kinematic considerations and frictional properties of joint planes, stability analyses were performed for each of the station along Summa escarpment road to see the potentials of planar sliding, wedge sliding, and toppling. In the kinematic analysis, DIPS program developed by Rocscience was used at first stage (Rocscience 1999) . In all the analyses, poles of less than 4 % are regarded with suspicion as suggested by Rocscience (1999) unless the overall quantity of data is very high (several hundreds of poles). It is used for the interactive analysis of orientation based on geological data. The program plots analyze and present structural data using spherical projection techniques. In the current study, 50 to 100 discontinuity readings were used. The dip and dip direction was plotted by a software package Dips 5.1 (Rocscience) using the stereographic equal-angle projection method to get the main sets for each station (Fig. 7) . These main sets with the friction angles calculated from the ROCLAB software for the rock mass and the dip and dip direction of the rock cut were used to determine the failure mechanism using RockPack III Software (distributed by Rockware Inc.) (Fig. 7) . Table 3 shows the orientations of the discontinuities in Dips and Dip directions for main joint sets at each station, station face orientation and dip angle, and the friction angle for each station. Graphical representations of orientations of the discontinuities mapped are shown in Fig. 7 using main sets and RockPack III program. In the planar and wedge failures, a critical zone was indicated to define the possible failure regions. If the major plane curvature and the intersection of the major joint sets were identified with respect to the face slope of each station and the friction angle which defines the failure zone fall inside the critical zone, then the failure is potentially. For toppling analyses, variability cones for each of the major joint sets were generated. Because the planes cannot topple if they cannot slide with respect to one another, slip limits were added with dips given as the difference between the slope face and the friction angle while the dip direction is the same as that of the slope face. The variability cone for the slip limit was also drawn with a trend, plunge, and angle of 90°, 0°, and 60°, respectively. The 60°cone angle will place two limits ±30°with respect to the dip direction of the face as suggested by Goodman (1989) -plane must be within 30°of parallel to a cut slope to topple.
Along the Samma escarpment road, the kinematic conditions for 51 sites were studied along Samma escarpment road and are shown in Table 3 . The interpretation of the results using RockPack software shows that three failure modes were encountered in the study area including planar, wedge, and toppling. Figure 8 shows the distribution of different failure degrees along the road. The distribution of the data shows that the data fall in three zones: potentially unstable which characterized by high potential for planar and/or wedge and/or topple failures, marginally stable which include sites that are very close to critical zones in the kinematic analysis, and stable which include sites that are safe and no planar, no wedge, or no toppling failures encountered.
1. Planar failure is more common where it potentially found to be in 12 stations (5, 9, 15, 17, 24, 27, 29, 30, 33, 38, 42, 51) and other 4 stations (6, 40, 46, 50) are marginally (Table 3) . 2. Wedge-type failures are potentially located in 13 stations (4, 5, 9, 12, 15, 16, 17, 24, 29, 30, 33, 38, 51) , and 6 stations (25, 27, 40, 42, 50, 51) are marginally potential for wedge where the intersection between the planes are located close to the critical zone; however, 32 stations are safe and have no wedge failures (Table 3) . 3. Toppling-type failures are less common, and it was potentially found only in 4 stations (4, 6, 9, 47), and 6 stations (10, 13, 31, 36, 37, 49) are marginally potential for toppling where the dip vector plot is located very close to the critical zone for toppling. However, 41 stations are safe (Table 3 ).
Remediation's and mitigation assessment
Generally, many roads and highways were established along mountainous terrains which are normally called as escarpment roads. Evidence of past failures and oversteepened slopes raise questions as to the ability of these cliffs or rock cuts and slopes to withstand sustained human activity. Remediation and mitigation methods should include field assessment of risk, scaling of loose rock, and monitoring of unstable rock cuts where failures could affect human activity by considering slope scenarios (Maerz et al. 2014 ). The first and most cost-effective level of remediation is to scale cliffs and rock faces where loose blocks threaten areas below. Scaling is a way to remove loose, overhanging, and unstable materials from the rock face. Scaling is usually the most costeffective solution to reduce the risk of sliding, falling, and toppling blocks, unless the blocks are very large. There are different methods for scaling either manual or mechanized. Scaling is a short-term solution, as block loosens up over the years. It is generally applied where none of the other measures are appropriate and the hazard of falling is high. Slopes can be supported in a number of ways (in order of cost) from rock/ anchor bolts, to sprayed concrete (shot Crete), tied back walls, and gravity walls and buttresses, All of these solutions are typically expensive and are cost-effective only when threatening a high-value structure or activity area, which covers a relatively small area. In some cases, moving the structure or activity area may prove to be more cost-effective.
Conclusion
The purposes of this study are to evaluate and categorize the slope stability along the Samma escarpment road. Slope stability analyses of the Summah escarpment road has been carried out. The research work shows that the orientations of discontinuities and rock strength parameters have pronounced effects on the overall state of stability of a station face. The findings of this work show that (1) the rock units along the study area are characterized by different units and structures; (2) according to rock mass rating system, it was found that 40, ten, and one stations are poor, fair, and good quality, respectively; (3) the results of DIPS and ROCKPACK III software indicate that 31, 32, and 41 stations are stable due to planar, wedge, and toppling failures, respectively, 4, 6, and 6 stations are marginally stable due to planar, wedge, and toppling failures, respectively; however, 16, 13, and 3 stations are potentially unstable due to planar, wedge, and toppling failures. Different recommendations and remediation methods have been discussed in this work. The suggested remedial measures for the unstable slopes may include the following:
(1) using draped mesh, wire mesh, and shot Crete that can stabilize small rock fragments on the slope, (2) establishing a wide ditch to protect the road from future rockslides especially along the stations that have no or narrow ditch, and (3) applying bolting and/or anchors to stabilize large potential unstable blocks (planar, wedge, and toppling blocks).
